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A screening tool for quantifying levels of concern for contaminants detected in monitoring wells on or
near landﬁlls to down-gradient receptors (streams, wetlands and residential lots) was developed and
evaluated. The tool uses Quick Domenico Multi-scenario (QDM), a spreadsheet implementation of
Domenico-based solute transport, to estimate concentrations of contaminants reaching receptors under
steady-state conditions from a constant-strength source. Unlike most other available Domenico-based
model applications, QDM calculates the time for down-gradient contaminant concentrations to approach
steady state and appropriate dispersivity values, and allows for up to ﬁfty simulations on a single
spreadsheet. Sensitivity of QDM solutions to critical model parameters was quantiﬁed. The screening tool
uses QDM results to categorize landﬁlls as having high, moderate and low levels of concern, based on
contaminant concentrations reaching receptors relative to regulatory concentrations.
The application of this tool was demonstrated by assessing levels of concern (as deﬁned by the New
Jersey Pinelands Commission) for thirty closed, uncapped landﬁlls in the New Jersey Pinelands
National Reserve, using historic water-quality data from monitoring wells on and near landﬁlls and
hydraulic parameters from regional ﬂow models. Twelve of these landﬁlls are categorized as having high
levels of concern, indicating a need for further assessment. This tool is not a replacement for conventional
numerically-based transport model or other available Domenico-based applications, but is suitable for
quickly assessing the level of concern posed by a landﬁll or other contaminant point source before expen-
sive and lengthy monitoring or remediation measures are taken. In addition to quantifying the level of
concern using historic groundwater-monitoring data, the tool allows for archiving model scenarios and
adding reﬁnements as new data become available.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
In 2010 there were 1908 operational municipal landﬁll facilities
in the U.S. which received 135 million tons of waste and more than
10,000 closed landﬁlls in the U.S. (USEPA, 2011). Problems associ-
ated with open and closed landﬁlls include gas emissions, contam-
inated leachates, physical hazards, aesthetic issues, and others.
These issues can extend beyond the landﬁll boundaries and affect
surrounding urban, agricultural and undeveloped areas. The range
of possible contaminants includes volatile organic chemicals; dis-
solved organic matter; inorganic macro-components such as cal-
cium, magnesium, manganese and sulfate; heavy metals such as
cadmium, chromium, lead and zinc; and xenobiotic organiccompounds such as aromatic hydrocarbons, phenols and pesticides
(Kjeldsen et al., 2002). Further, a closed landﬁll may be targeted for
redevelopment for a variety of other purposes. For example, of 55
redeveloped landﬁll sites in Florida, 56.4% have been developed as
recreational facilities, 27.3% for commercial use, 9.1% for residen-
tial development, and 7.3% for schools (Martin and Tedder,
2002). Therefore, it is essential to determine whether landﬁll lea-
chate contaminants will negatively affect the underlying land
and surrounding areas. This requires information about the com-
position and concentrations of groundwater contaminants, an
understanding of subsurface hydrologic conditions, and tools to
unify these factors to provide assessments of the risks these con-
taminants pose to nearby receptors, such as streams, wetlands
and existing or proposed residential areas.
Landﬁll risk assessment is an evolving science, and there is not
currently a universally accepted integrated risk assessment
methodology that can be applied to landﬁll gas, leachate and
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prescribe landﬁll risk assessment procedures, and concluded that
none addressed all issues related to risks associated with landﬁlls
and possible remedies. Nonetheless, regulatory guidelines have
been issued that describe steps that should be taken when con-
ducting landﬁll risk assessments. The USEPA Ecological Risk
Assessment Guidance for Superfund (1997) and ‘‘Principles’’
follow-up document (1999) describe an eight-step process for per-
forming landﬁll risk assessments:
1. screening-level problem formulation and ecological effects
evaluation,
2. screening-level exposure estimate,
3. baseline risk assessment problem formulation,
4. study design and data quality objective process,
5. ﬁeld veriﬁcation of sampling design,
6. site investigation and analysis phase,
7. risk characterization, and
8. risk management.
Steps 1 and 2 deﬁne a screening process, where a decision is
made to either take no action or to proceed with a full risk assess-
ment. The New Jersey Department of Environmental Protection
(NJDEP) (2012) published a risk assessment document based on
this USEPA approach. Here, they deﬁned an ecological evaluation
(EE) as the preliminary screening phase, which is followed either
by no further action or a full environmental risk assessment. The
EE includes assembling information about the site and potential
environmentally sensitive receptors, and determines whether con-
taminants of concern and a migration pathway are present.
The purpose of this investigation was to develop and evaluate a
screening method for assigning preliminary levels of concern for
the potential input of contaminants from landﬁlls to nearby human
or ecological receptors; to document the attributes and limitations
of the transport model used in the method; and to demonstrate the
method. The intent was to create a method, based on an idealized
modeling approach, whereby preliminary levels of concern can be
applied to landﬁlls quickly and efﬁciently based on minimal input
data. The screening method provides a formalized implementation
of the NJDEP EE. Water-quality data from landﬁll monitoring wells
are used to identify contaminants of concern, concentrations are
compared to regulatory levels, and groundwater contaminant
transport (the migration pathway) is quantiﬁed at a screening level
with the transport model. The level of concern is stated as
‘‘unknown’’ if water-quality and receptor data, number or location
or wells, or values of parameters needed to simulate transport are
insufﬁcient. Otherwise, the level of concern is deﬁned based on the
model-simulated concentrations of contaminants at the receptors
under steady-state conditions. If this screening process indicates
that substantial concentrations of contaminants could reach
receptors, then additional monitoring, modeling or remedial action
(e.g. a full environmental risk assessment) may be appropriate.
Analytical and numerically-based applications for predicting
transient and steady-state contaminant transport are available,
such as those listed by the Colorado School of Mines Integrated
Groundwater Modeling Center (2014) and the USEPA Center for
Subsurface Modeling Support (2014). Data requirements, user
expertise, and time and effort required to develop models are
extensive for many of these applications, and therefore their use
as rapid screening tools is not practical. However, models based
on the approximate, analytical solution of Domenico (1987) are
used in contaminant-transport screening applications such as
Quick Domenico (Pennsylvania Department of Environmental
Protection, 2008), Biochlor (Aziz et al., 2000), Bioscreen (Newell
et al., 1996), and Footprint (Ahsanuzzaman et al. 2008). Thesemodels are run as Microsoft Excel spreadsheet applications, and
provide rapid estimates of contaminant concentrations in plumes
downgradient of sources. This approach was used in the screening
method presented here. An improved, more capable version of the
Quick Domenico spreadsheet implementation was developed, with
additional features that were speciﬁcally required for rapid screen-
ing of any number of landﬁlls with lengthy lists of potential con-
taminants and down-gradient receptors of various types and
distances from the source, and for efﬁcient archiving of all simula-
tion inputs and results for future reference or modiﬁcation.
The screening method is illustrated by evaluating levels of con-
cern posed by 30 closed, uncapped and unlined landﬁlls in the
Pinelands National Reserve (PNR) in southern New Jersey (Fig. 1).
The PNR occupies more than one million acres in seven counties
(New Jersey Pinelands Commission, 2014). This area is protected
from unrestricted development to preserve its unique and fragile
ecosystem (Zampela et al., 2008). Most of the PNR is underlain
by the Kirkwood-Cohansey aquifer system, which underlies 3000
square miles of the New Jersey Coastal Plain (Watt, 2000). The
Cohansey Formation is an unconﬁned sand-and-gravel aquifer
with discontinuous interbedded clays (Owens et al., 1988). The
Kirkwood Formation is a ﬁne to medium sand (Owens et al.,
1988). Rhodehamel (1973) reported that the hydraulic conductiv-
ity of the Kirkwood-Cohansey aquifer system ranges from 90 to
250 ft/d, and values for speciﬁc locations were obtained from pub-
lished regional groundwater ﬂow models and the transmissivity
ranges from 4000 to 8300 ft2/d. The storage coefﬁcient ranges from
3  104 to 1.0  103.
Site characterization and contaminant (water-quality) data
were provided by landﬁll operation and closure documents and
monitoring well reports provided by the NJDEP. Potential receptors
were identiﬁed as streams, wetlands and residences near the land-
ﬁlls as determined by existing GIS coverages.
Understanding the residual effects of these landﬁlls on underlying
groundwater anddown-gradient streams,wetlands and residences is
of interest to the New Jersey Pinelands Commission, which in con-
junction with the NJDEP has regulatory responsibility over these
landﬁlls. It is anticipated that results from this screeningmethodwill
assist the Commissionwith future land-use decisions and in identify-
ing the need for implementation of engineering controls.
2. Methods
2.1. Screening model theory and development
A groundwater solute-transport model based on the analytical
model of Domenico (1987) was used to simulate subsurface con-
taminant transport from landﬁlls to down-gradient receptors. It
assumes ﬁrst-order decay, linear sorption–desorption, constant
source strength, and steady groundwater ﬂow. The approximate
analytical solution of Domenico, unlike exact analytical and numer-
ical solutions, is amenable for use as a spreadsheet application.
2.1.1. Model description and applicability
Three-dimensional (3D) non-steady-state solute transport
of a dissolved solute through porous media as presented by
Domenico and Robbins (1985) and enhanced with solute attenua-
tion and retardation can be expressed as:
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where C is the concentration of a solute species, v is the speciﬁc dis-
charge, and Dx, Dy and Dz are dispersion coefﬁcients in the x, y and z
dimensions, and k is the ﬁrst-order decay constant of the solute. The
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Fig. 1. (a) Location of closed landﬁlls within the New Jersey Pinelands National Reserve and (b) location of the New Jersey Pinelands National Reserve.
R.J. Baker et al. /Waste Management 43 (2015) 363–375 365retardation coefﬁcient R reﬂects solute–porous media interaction
and is calculated as:
R ¼ 1þ ðKoc  foc  pbÞ=neÞ ð2Þ
where Koc is the solute-organic carbon partition coefﬁcient, foc is
the fraction of organic carbon in the porous media, pb is the porous
media dry bulk density, and ne is the effective porosity.
Velocity (v) is controlled by hydraulic conductivity and interac-
tion with the porous media:
v ¼ ðki=neÞð1þ ðKoc  foc  pbÞ=neÞ ð3Þ
where k is the hydraulic conductivity and i is the hydraulic gradient.
There have been many analytical and numerical solutions to
Eq. (1) (e.g. Sagar, 1982; Cleary and Ungs, 1978; Wexler, 1992).
Simplifying assumptions are commonly made to facilitate solu-
tions with lesser data requirements or simpler solution algorithms.
The Domenico model is one such case, in which an approximate
analytical solution to Eq. (1) is achieved with readily obtainable
or estimable porous media, water quality and hydrologic data.
Development of the algorithms, assumptions, and limitations are
described by Domenico and Robbins (1985) and Domenico (1987).
The 3-D Domenico model estimates the concentration of a
solute at a speciﬁed time and location:
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ð4Þwhere C(x, y, z, t) is the solute concentration at any time and loca-
tion, C0 is the constant source concentration, and ax, ay and az are
dispersivity in the x, y and z directions.
W and Z are the source width and thickness.
The contaminant source is considered to be the footprint of the
landﬁll, and is present at a constant strength (concentration).
The initial condition is zero contaminant concentration outside
the source.
Applicability of the Domenico methodology has been evaluated
and compared to other transport models. Sagar (1982) developed a
similar but more rigorous solution, where the analytic integration
of the governing transport equations yields a solution similar to
Domenico’s (1987):
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The integral term cannot be simpliﬁed and must be numerically
integrated in the y and z directions. This solution, also presented by
Wexler (1992), includes a more rigorous accounting for dispersion,
but involves greater computational complexity. Unlike the
Domenico solution, this solution cannot be implemented
conveniently for use as spreadsheet-based application in a rapid
screening tool.
The Domenico and Sagar models were compared via dimen-
sionless analysis by Guyonnet and Neville (2004). Type curves
were used to assess the differences in model results under a wide
range of parameter values. Discrepancies were negligible along the
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mechanical dispersion and increase with lateral distance from
the centerline. Differences also increased with increases in the
solute decay coefﬁcient, but only for concentrations away from
the plume centerline. Their analysis also showed that the two solu-
tions converge with increasing Peclet number values.
Srinivasan et al. (2007) determined that the Domenico solution is
equivalent to an exact analytical solution in caseswhere longitudinal
dispersivity is zero. In settings where longitudinal dispersivity is not
zero thepotential error in estimateddown-gradient concentrations is
likely to increase as the dispersivity increases. The authors also
asserted that the longitudinal extent of a plume may be underesti-
mated as a result of the residence time of particles along the plume
centerline being over-predicted. This inaccuracy, however, is minor
when a reasonable value for longitudinal dispersivity (path
length/10) is used. West et al. (2007) evaluated the differences
between solute concentrations predicted by the Domenico and
exact-solution models. They observed concentration errors of 2.5%
near the contaminant source for a 3-D simulation for a constant ax
value of10 m, and the error increased to24%1000 mdowngradient
of the source. Evaluations of Srinivasan et al. (2007) and West et al.
(2007) have value in that they elucidate the limitations of an esti-
mated solution to transport problems and express the magnitude of
potential error that can be introduced.West et al. (2007) commented
that an exact analytical solution is desirable when available.
However, the utility of the Domenico solution and its family of appli-
cations lies in the ease of use, limited data and parameter-value
requirements, and computational requirements that can bemetwith
a spreadsheet application. Therefore, it is reasonable to use
Domenico-based methods to estimate contaminant transport if the
inherent limitations are considered, and only under conditions for
whicherrors fallwithinacceptable levels for the intendedapplication.
The USEPA,which supports the use of several Domenico-based prod-
ucts (USEPA,2014a,b) acknowledges the stated limitations, andadvo-
cates the use of these methods in cases where transport is
advection-dominated, and not dispersion-dominated. They further
state that error is at a minimumwhen the Peclet Number (a function
of seepage velocity, path length and longitudinal dispersivity) is
greater than 6. This would apply to highly permeable porous media,
such as that encountered in Coastal Plain areas along the East Coast
of the U.S, including much of Southern New Jersey (Watt, 2000).
Therefore, a transport modeling tool which employs the Domenico
estimatedsolutionof solute transport isappropriate insettingswhere
high hydraulic conductivities are encountered.
The Domenico approach has been applied successfully to
simulate groundwater-contaminant transport for other purposes,
such as assessment of the role played by biodegradation of
hydrocarbons in a contaminant plume that affected a tidal river
(Lesser-Carrillo, 2013), and as a screening model to estimate the
maximum extent of benzene, toluene and xylene plumes
(McAllister, 1996).
2.1.2. Domenico transport model spreadsheet
A Microsoft Excel-based implementation of the Domenico
(1987) analytical model (Quick Domenico, or QD) was developed
by the Pennsylvania Department of Environmental Protection
(2008). The algorithms in QD include two features not included
in the original Domenico model: a solute retardation factor which
allows interaction between solutes and the organic carbon fraction
of the aquifer material, and limitation of vertical dispersion to the
downward direction. The latter is appropriate because liquid dis-
persive transport is not possible above the water table.
A revised spreadsheet (Quick Domenico multi-scenario, or
QDM) was prepared in this investigation. The simulation algo-
rithms of QDM are identical to those of QD. Advanced features of
QDM as compared to QD include:1. Up to 50 model simulations developed and archived on a single
spreadsheet.
2. Automatic calculation of several parameters that require user
input in QD.
3. Automatic calculation of time required to reach steady-state
conditions.
4. Inclusion of a library of regulatory levels for selected
contaminants.
All of these advanced features were necessary for this investiga-
tion, and all have value in future Domenico-based applications or
revisions of existing applications. The ﬁrst feature was necessary
for this screening method for two reasons: a great many simulation
scenarios are needed to screen many contaminants at many
land-ﬁll sites that are migrating toward many down-gradient
receptors, and archiving all model scenarios such that they can
be easily retrieved is necessary, as the use of this screening method
is primarily regulatory. The second and third advanced feature
were for convenience, as dispersivities, linear velocity and time
to reach steady are calculable within the Domenico model, and
users are freed from guessing at or approximating values for those
parameters. The fourth advanced feature is essential for this
application of the model, as contaminant concentrations relative
to regulatory values are needed in the risk assessment. These fea-
tures are not available in Quick Domenico or any of the other
Domenico-based spreadsheet models that were evaluated, and this
was the reason for developing QDM. The QDM spreadsheet tem-
plate with documentation is available as a Supplementary
Material.
2.1.3. QDM features and data sources
The QDM spreadsheet is divided into four sections:
Section 1: User-entered parameter values (cells X1-AM53).
Section 2: Automatically calculated parameter values (cells
M1-W53).
Section 3 (Fig. 2): Model display area (cells A1-L53).
Section 4: Simulation algorithm (invisible to the user).
Model parameters and corresponding spreadsheet cell ranges
are shown in Table 1. All model input parameters for up to 50 sim-
ulations can be stored in QDM Sections 1 and 2, with the simula-
tion number speciﬁed in column M. A simulation is run by
entering the simulation number from Column M into cell B4.
Then, all parameter values needed to run the model from
Sections 1 and 2 for the speciﬁed simulation number are copied
into the appropriate cells in Section 3 and are accessed by the algo-
rithm. Simulation results are then displayed in Section 3. The ﬁnal
steady-state concentration at the receptor is shown in cell K4, and
as a percent of regulatory value in K5. A graph of concentration
along the plume centerline as a function of distance from the con-
taminant source also is displayed (Fig. 2).
A 5  10 grid of concentrations along the ﬂow path is shown in
Cells A32-K40 (Fig. 2). Additional water-quality monitoring data
collected from wells located between the source and the receptor
can be entered into Cells A42-K44 (Fig. 2). These data can be com-
pared to values in the grid to assess the quality of model
predictions.
Twenty-two parameter values are required to simulate trans-
port in the QDM spreadsheet (Table 1). Six of these can be litera-
ture values, two are obtained from regional groundwater ﬂow
models or from available information about the aquifer, two are
distances obtained from measurement or GIS applications, six are
calculated automatically by the spreadsheet, one is from monitor-
ing well data, source thickness is estimated or measured, and the
overall model domain dimensions are speciﬁed by the user.
Fig. 2. Example of a Quick Domenico Multi-scenario (QDM) spreadsheet, Section 3, Model Display Area. Example shows steady-state simulation of benzene transport from
Landﬁll LF-26 to the nearest residential area, assumed to be directly down-gradient from the landﬁll.
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must contain the entire source (landﬁll) and the receptor.
Distance between the edge of the source and the receptor is
required, as attenuation of contaminant concentrations occurs
along the ﬂow path. Source width is deﬁned here as the longest
dimension across the landﬁll in any direction, and the
groundwater-contaminant plume is assumed to originate from a
continuous source of uniform concentration having that width.
GIS applications can be used to obtain these values.
Source thickness is set by the user. It is the thickness of the con-
taminated zone where the contaminant is expected to be at or near
its maximum concentration. Ten ft is a reasonable default source
thickness for landﬁlls unless more speciﬁc information is available.
Values of source thickness greater than 10 ft do not substantiallyaffect down-gradient solute concentrations, but values less than
10 ft may cause underestimation of contaminant ﬂux.
The preferred sources of hydraulic conductivity and gradient
values are local or regional groundwater-ﬂow models, and no
default values can be suggested. If a ﬂowmodel is not available, lit-
erature sources describing the aquifer properties may provide
these parameters. They also can be obtained from ﬁeld measure-
ments, such as aquifer tests of on-site monitoring wells, but care
should be taken as the hydraulic properties proximal to the landﬁll
may not be representative of the entire model ﬂow path. Hydraulic
gradients can be estimated from simultaneous water-level mea-
surements from multiple wells near or on the landﬁll. Estimates
of hydraulic conductivity based on characteristics such as effective
particle diameter and void ratio have been shown to be similar to
Table 1
Model parameters required for the Quick Domenico Multi-Scenario model, corresponding spreadsheet columns, and parameter-value sources.
Parameter Model symbol Units Spreadsheet column Parameter value source
Model simulation number – – M Fixed counter
Contaminant source concentration C lg/L Z User input
Contaminant reaction constant k Dimensionless AA User input (literature source)
Source width Y ft AB User input
Source thickness Z ft AC User input
Hydraulic conductivity k ft/day AD User input (groundwater ﬂow model)
Hydraulic gradient i ft/foot AE User input (groundwater ﬂow model)
Effective porosity ne Dimensionless AF User input (soil data or default value)
Soil bulk density qb Dimensionless AG User input (soil data or default value)
KOC KOC Dimensionless AH User input (literature source)
Fraction organic carbon foc Dimensionless AI User input (soil data or default value)
Distance to receptor x ft AJ User input
Distance from plume centerline y ft AK User input
Depth below land surface z ft AL User input
Regulatory value – lg/L AM User input (literature source)
Longitudinal dispersivity ax ft N Calculated by QDM
Lateral dispersivity ay ft O Calculated by QDM
Vertical dispersivity az ft P Calculated by QDM
Simulation time t Days Q Calculated by QDM
Seepage velocity V ft/day V Calculated by QDM
Length of model area – ft S Calculated by QDM
Width of modeled area – ft T Calculated by QDM
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but are not suitable for typically heterogeneous ﬁeld conditions, as
hydraulic conductivity values for a given particle size fraction can
vary by three or more orders of magnitude (Freeze and Cherry,
1979).
The solution of the Domenico model is insensitive to values of
effective porosity, soil bulk density and organic carbon fraction
after steady-state conditions have been reached (Pennsylvania
Department of Environmental Protection, 2008), and default values
of 0.358, 1.7 and 0.001, respectively, are suggested. These values
are typical for sandy soils, and are conservative (i.e. high values
of porosity and low values of bulk density and organic fraction give
higher contaminant transport rates). A higher organic carbon value
may be used if soil data are available; for example, the average
organic carbon fraction for the New Jersey Pinelands ‘‘c’’ horizon
is 0.0053 (Sainju and Good, 1993). This will only substantially
affect the concentration proﬁles of contaminants with large Koc
values.
Longitudinal dispersivity (ax) affects the concentration gradient
along the longitudinal axis, and is not a measurable parameter.
Three methods of estimating ax for use in QD are suggested by
the USEPA (2014a,b):
ax ¼ 10 m ðDomenico; 1987Þ ð6Þ
ax ¼ 0:1ðLÞ ðPickens and Grisak; 1981Þ ð7Þ
where L is the longitudinal distance between a source and a
receptor
ax ¼ 0:83ðlog10LÞ2:414 ðXu and Eckstein; 1995Þ ð8Þ
Eq. (8) was selected for use in the QDM spreadsheet, as it is a
least-squares relation derived from extensive dispersivity data
and is expected to represent ﬁeld conditions more accurately and
is automatically calculated within the QDM spreadsheet.
Transverse dispersivity (ay) is calculated as ax/10, and vertical dis-
persivity (az) is set at 0.001 ft as suggested by the QD documenta-
tion (Pennsylvania Department of Environmental Protection, 2008).
Contaminant properties (k, Koc, and regulatory concentrations)
are obtained from literature sources. Values of k and Koc for a given
contaminant are highly variable and depend upon porous media
source, temperature, experimental conditions, and other factors.The State of Pennsylvania (1997) compiled an extensive list of k
and Koc values which includes most commonly-detected landﬁll
contaminants. This list can be supplemented with k and Koc values
from other references or experimentally. Care should be taken to
ensure that selected values were obtained under geochemical con-
ditions similar to those at the source.
Interaction with organic carbon in aquifer material attenuates
and slows the transport rate of contaminants which have
non-zero Koc values. In the absence of analytical data, a conserva-
tive (low) value of 0.001 is recommended (Pennsylvania
Department of Environmental Protection, 2008). Time to reach
steady state, retardation rate, and contaminant transport velocity
(all of which are affected by the Koc value) are calculated within
the QDM spreadsheet.
2.2. Assignment of levels of concern to landﬁlls and other contaminant
sources
A procedure to assign levels of concern was developed, based
upon simulated steady-state concentrations of contaminants at
receptor locations relative to regulatory standards. The methodol-
ogy was based on the ecological evaluation process of New Jersey’s
Ecological Evaluation Technical Guidance Manual (New Jersey
Department of Environmental Protection, 2012). Four levels of con-
cern are deﬁned (New Jersey Pinelands Commission, 2012), based
on availability of groundwater data concentrations of contami-
nants of concern (COCs) at receptor locations. Level-of-concern
threshold are:
Level of concern = unknown
Data are insufﬁcient to characterize the presence of COCs.
Level of concern = low
COCs do not reach receptors at concentrations greater than
the Practical Quantitation Limit (PQL).
Level of concern = moderate
COCs reach receptors at concentrations greater than the PQL
but less than 50% of any relevant regulatory standard.
Level of concern = high
COCs reach receptors at concentrations greater than or equal
to 50% of one or more relevant regulatory standards and/or
receptors are within or adjacent to the landﬁll perimeter.
Compilaon Table for Landﬁll Level of Concern Screening Tool 
Instrucons: 
1. Rate each contaminant/receptor combinaon as high, medium or low level of concern (upper 
box) 
2. Rate the enre landﬁll as high, medium or low level of concern based on highest level among 
contaminant/receptor combinaons (lower box) 
Arsenic Benzene Ammonia as N  Nitrate as N   Total P
Stream High (A) High (A) High (A) High (A) Low
Wetlands High (B) High (B) High (A) High (A) Low
Residential High (A) High (A) Low Moderate Low
Level of 
Concern
Meets 
criteria?
Unknown no
Low no
Moderate no
High (A) yes
High (B) Yes
Receptor coincides with landfill location, where COC 
concentration is greater than or equal to 50% of one or 
more relevant regulatory standards
COCs do not reach receptors at concentrations greater 
than the practical quantitation limit (PQ).
Criteria
COCs reach receptors at concentrations greater than the 
PQL and less than 50% of any relevant regulatory 
Data are insufficient to characterize the presence of 
contaminants of concern (COCs)
Levels  of Concern for Specific Analytes and Receptors
Organics and Inorganics Excluding Nutrients Nutrients
Summary of QDM Results: Level of Concern for Landfill LF-26
COCs reach receptors at concentrations greater than or 
equal to 50% of one or more relevant regulatory standard
Fig. 3. Example of a compilation table for assessing levels of concern for contaminant/receptor combinations and assigning a level of concern for the entire landﬁll (Landﬁll
LF-26).
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tabulated for each landﬁll (Fig. 3), and the highest level for any
combination is applied to the landﬁll.
2.3. Levels of concern for 30 landﬁlls in the New Jersey Pinelands
National Reserve
The screening tool was used to assess levels of concern for
selected contaminants migrating from thirty closed landﬁlls in
the New Jersey Pinelands for which historical water-quality data
were available. Each of the landﬁlls ceased accepting solid waste
in the early 1980s and all lacked engineering controls necessary
to minimize shallow groundwater contamination. Selection of con-
taminants to consider depends upon the cause and nature of the
source. For an uncontrolled release of known contaminants, only
the spilled contaminant and degradation products (if any) would
be modeled. For a source of unknown composition and quantities,
such as the landﬁlls in this example, criteria must be developed to
include all contaminants likely to migrate from the source. A min-
imum of two wells was monitored for each of the 30 landﬁlls,
which provided information about the variability of the underlying
groundwater. The monitoring program required by the New JerseyDepartment of Environmental Protection (NJDEP) required that all
analytes on an approved list must be monitored quarterly or annu-
ally, depending upon the analyte. Two of the landﬁlls did not meet
these criteria and were categorized as having unknown levels of
concern due to insufﬁcient data. For each landﬁll, both
historic and current water-quality data were obtained from the
NJDEP. Regulatory levels included drinking-water and other
health-based standards for residential receptors, and groundwater
and surface-water standards for stream and wetland receptors. The
highest average daily concentration of each contaminant at each
landﬁll and lowest appropriate regulatory standards were deter-
mined for use in QDM spreadsheets.
Distances between landﬁlls and receptors were determined
with a geographic information system (Arc Map Version 10.1, using
coverages provided by the NJDEP). An example of a landﬁll and
closest stream, wetlands and residential receptors is shown in
Fig. 4. As the direction of groundwater ﬂow proximal to the landﬁll
is uncertain due to changes in subsurface conditions associated
with construction and operation of the landﬁll, the closest receptor
was selected regardless of direction to the landﬁll. Thus for
screening purposes, all potential receptors are assumed to be
‘‘down-gradient’’. This is a conservative approach, appropriate for
Fig. 4. Landﬁll LF-26 in the New Jersey Pinelands and residential areas within 100ft. (dark blue); 100–500ft. (red); and 500–1000ft. (gray). Light blue areas are wetlands,
green lines are streams, and double black lines are roads.
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tors which have been shown by site-speciﬁc ﬂow models or ﬁeld
observation not to be down-gradient of the landﬁll.
A separate QDM spreadsheet was prepared for each landﬁll, and
simulations were developed for each contaminant/receptor combi-
nation. Results from landﬁll LF26 were used to demonstrate the
use of the spreadsheet. Fig. 2 shows the results of simulations for
residential areas with benzene as the contaminant, and Fig. 3
shows a summary of levels of concern for all contaminants
simulated for that landﬁll.
3. Results and discussion
3.1. Time to reach steady-state conditions after initial contaminant
release
The Domenico model solution is asymptotic, and true
steady-state conditions (constant solute concentration at a point
down-gradient from the source) are never achieved (Nevin et al.,
1997). It is, however, essential to determine a time after which
further changes in concentration are small compared to the initial
concentration, and further model run time is not warranted. This
was addressed by McAllister (1996) by identifying the time in a
Domenico simulation at which the solute concentration reached
one-half of the steady-state concentration at any point along the
plume center, and Nevin et al. (1997) who added a retardation
factor to the equation:
t1=2 ¼ Rx= Vsð1þ 4axkR=VsÞ0:5
 
ð9Þwhere t1/2 is the simulation time required for the contaminant to
reach 50% of the steady-state concentration at the receptor, R is
the retardation factor, x is the distance from the source, and Vs is
the groundwater ﬂow velocity.
In order to determine the time required to achieve a concentra-
tion approaching steady state, simulations were run with multiples
of t1/2 (Table 2). Results (Table 2 and Fig. 5) showed that a time of
2.5t1/2 achieves >99% of the steady-state concentration in all cases.
This held true as the distance between source and receptor was
varied (50 and 1000 ft), Koc was varied (0, 14, 16) and k was varied
(0 and 0.0123). Therefore steady-state concentrations will always
be approached if the simulation time is greater than or equal to
2.5t1/2. This was used in QDM to calculate the time of simulation:
tðsteady stateÞ ¼ 2:5Rx= Vsð1þ 4axkR=VsÞ0:5
 
ð10Þ3.2. Sensitivity analysis of user-input parameters
Sensitivity of simulated contaminant concentrations to the val-
ues of ﬁve model parameters (time of simulation, longitudinal dis-
persivity, ﬁrst-order reaction rate, source-area width, and Koc) was
evaluated. Values of model parameters used in each sensitivity
analysis are shown in Table 3.
3.2.1. Time of simulation
The Domenico modeling approach mandates that simulated
concentration of a contaminant increases until steady-state condi-
tions are approached. It was previously shown (Section 3.1) that
contaminant concentrations are at steady state conditions after
Table 2
Simulation time required for conservative and reactive contaminants to approach steady-state concentrations at receptors down-gradient from landﬁlls.
Distance between
landﬁll and receptor (ft)
Contaminant k KOC Percent of steady
state concentration
Time, days (multiple of time to reach 50%
of steady state concentration)
50 Chloride 0 0 50 18 (1.00)
50 Chloride 0 0 78.62 22 (1.22)
50 Chloride 0 0 92.62 27 (1.50)
50 Chloride 0 0 99.39 36 (2.00)
50 Chloride 0 0 99.96 45 (2.5)
1000 Chloride 0 0 50 358 (1.00)
1000 Chloride 0 0 88.26 448 (1.25)
1000 Chloride 0 0 98.5 537 (1.50)
1000 Chloride 0 0 99.99 716 (2.00)
1000 Chloride 0 0 100 895 (2.50)
300 Methylene Chloride 0.0123 16 50 107 (1.00)
300 Methylene Chloride 0.0123 16 82.7 133 (1.24)
300 Methylene Chloride 0.0123 16 95.74 160 (1.50)
300 Methylene Chloride 0.0123 16 99.86 213 (1.99)
300 Methylene Chloride 0.0123 16 100 267 (2.50)
500 Mercury 0 14 50 179 (1.00)
500 Mercury 0 14 84.25 224 (1.25)
500 Mercury 0 14 96.67 269 (1.50)
500 Mercury 0 14 99.93 358 (2.00)
500 Mercury 0 14 100 448 (2.50)
Fig. 5. Percent of steady-state concentration as a function of simulation time
(multiples of time required to reach 50% of steady-state concentrations) for
chloride, methylene chloride and mercury.
R.J. Baker et al. /Waste Management 43 (2015) 363–375 371the time calculated by Eq. (10). Simulations terminated before that
time can be considered transient. For this screening tool (which
assumes steady-state conditions), QDM simulations should be
continued until the time speciﬁed by Eq. (10) is reached, and
thereafter contaminant concentration are insensitive to time of
simulation.Table 3
Values of model parameters used to conduct sensitivity analyses on Quick Domenico Mul
Parameter Sensitivity test
Time to steady state Longitudinal di
Contaminant Variable Chloride
Source concentration (mg/L) 100 100
Distance between source and receptor (ft) Variable Variable
Longitudinal dispersivity (ft) Variable Variable
Source width (ft) 4000 100
Source thickness (ft) 10 10
Hydraulic conductivity (ft/day) 100 100
Hydraulic gradient (ft/ft) 0.1 0.1
Porosity (dimensionless) 0.358 0.358
Soil bulk density (dimensionless) 1.7 1.7
KOC (dimensionless) Variable 0
Fraction organic carbon (dimensionless) 0.001 0.001
Report ﬁgure 4 53.2.2. Longitudinal dispersivity
For each QDM simulation, the Domenico model speciﬁes that a
single longitudinal dispersivity be used over the entire ﬂow path.
Because dispersivity increases with distance, a value calculated
from the distance between the source and the receptor would
overestimate dispersion and underestimate contaminant concen-
trations. Therefore, a distance less than the distance between the
source and the receptor should be used. Sensitivity of contaminant
concentrations reaching receptors to dispersivity was evaluated by
simulating transport of a conservative species (chloride, 100 mg/L
at the source) to receptors 200, 500, 1000, 2000, 3000 and
4000 ft directly within the assumed ﬂow path. Dispersivity was
calculated for 25%, 50%, 75%, and 100% of each of those distances
using Eq. (8), and concentrations at the receptors were determined
with QDM. Simulated concentrations were not found to be sensi-
tive to the distance used to calculate longitudinal dispersivity, as
shown in Fig. 6 for distances of 200–4000 ft. Fifty percent of the
total distance between the source and receptor was therefore
selected as a reasonable intermediate distance value for calculating
dispersivity, which is calculated within the QDM spreadsheet using
Eq. (8).
3.2.3. First-order reaction rate
The ﬁrst-order reaction rate constant (k) of a contaminant
affects the concentration at receptors, as shown in Fig. 7. A sourceti-scenario groundwater solute transport model.
spersivity First-order reaction rate constant Source-area width KOC
Variable Chloride Variable
100 100 100
Variable Variable 300
Variable Variable 9.315
100 Variable 100
10 10 10
100 100 100
0.1 0.1 0.1
0.358 0.358 0.358
1.7 1.7 1.7
0 0 Variable
0.001 0.001 0.001
6 7 8
Fig. 6. Simulated chloride concentration at receptors 200–2000 ft down-gradient from source, as a function of dispersivity calculated from 25%, 50%, and 100% of the distance
between the source and receptor.
Fig. 7. Simulated concentrations of seven contaminants with varying reaction rates
(k), as a function of distance between the source and receptor (source
width = 1000 ft, initial concentrations are all 100 lg/L).
Fig. 8. Source width required to reduce concentration of a conservative species at
the receptor by 5% for a range of distances between source and receptors.
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example. Here, concentration of the non-degrading species (mer-
cury) at the receptor remains near 100% of the source concentra-
tion up to distances of about 4000 ft, where it decreases by about
0.2%. Species with larger reaction rates attenuate to near-zero con-
centrations at much shorter distances, most notably ammonia,
which would not be detectable at distance greater than 400 ft from
the source. This analysis shows that concentrations of contami-
nants are highly sensitive to reaction rate. The large variability of
literature values for this parameter leads to much uncertainty in
QDM and other transport models that include reaction rates that
have not been determined speciﬁcally for the ﬁeld condition. It
is, therefore, essential to select a literature value of k that was
determined under conditions comparable to the ﬁeld conditions
being modeled.
3.2.4. Source width
The relations between source width, path length and down-
gradient contaminant concentration also were explored. The source
width for a range of path lengths was determined such that the
concentration of chloride (as a conservative tracer) at the receptor
was reduced by 5% (Fig. 8). The (path length)/(source width) ratio
increases from about 2.8–6.4 as the path length increases from 50to 4000 ft. This is important because source width is conservatively
deﬁned in this screening tool as the largest dimension of the landﬁll
footprint, for which the underlying groundwater is assumed to have
uniform contaminant concentrations. Thus, a QDM simulation
would predict that conservative species released from a very large
sanitary landﬁll would reach receptors undiluted at unrealistic dis-
tances. Additional well sampling at the source could be used to
reduce the source width and generate a more representative
(though less conservative) source width.
3.2.5. Koc
The sensitivity of down-gradient concentrations of conservative
contaminants to the Koc values (Fig. 9) was evaluated by simulat-
ing transport of a conservative contaminant (k = 0) at a source con-
centration of 100 mg/L to a receptor 300 ft down-gradient and
varying Koc from 0 to 1000. Regardless of the Koc value, concentra-
tion at the receptor was 50.0 mg/L. However, time to equilibrium
increased from 799 to 3282 days as Koc was increased. When k
was increased to 0.01, the contaminant concentration at the recep-
tor decreases as Koc increases from 0 to 1000 (Fig. 9). Therefore,
while differences in Koc values among conservative species have
no effect on the down-gradient simulated concentrations, attenua-
tion of reactive contaminants (such as many organic species and
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Fig. 9. Simulated concentration of a reactive species as a function of KOC: k = 0.01,
source width = 80.29 ft, path length = 300 ft. Fig. 10. Down-gradient attenuation of four contaminants with distance from
Landﬁll LF-26, New Jersey Pinelands.
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slowing the solute transport via adsorption to background organic
material allows more time for degradation to occur as the solute
moves down-gradient.3.3. Levels of concern for 30 closed landﬁlls in the New Jersey Pinelands
National Reserve
3.3.1. Example: application of the screening method to a landﬁll (LF-
26)
Chloride was simulated for LF-26 as it was for all 30 landﬁlls, as
it is always detected and functions as a conservative tracer (k = 0,
Koc = 0). The selection of other contaminants to simulate with
QDM (arsenic, benzene, ammonia and nitrate) was based on fre-
quencies of detection and concentrations of contaminants relative
to regulatory standards reported in 17 years of on-site
monitoring-well data. Although 47 chemical species were detected
in monitoring-well data at Landﬁll LF-26, most were detected in
less than 10% of the samples, and/or at concentrations substan-
tially less than regulatory standards. Benzene, arsenic, nitrate
and ammonia were frequently detected at several monitoring
wells, at concentration greater than current regulatory values
(Table 4).
QDM results indicate that chloride concentrations at all three
receptors are equal to its concentration at the landﬁll (204 mg/L).
This is controlled by the relation between receptor concentration
and ratios between path length and source width, as shown in
the sensitivity analysis. A width-to-path-length ratio of at least
3–6 (depending upon the path length) is required for
down-gradient dispersive attenuation to occur (see Fig. 8). Here,
source width of 2978 ft is larger than any of the three path lengths
(residential being the largest at 1000 ft). Likewise, arsenic (k = 0,
Koc = 14) does not attenuate, and receptor concentrations are all
equal to source concentrations (95.3 lg/L). Benzene, ammonia
and nitrogen have k values greater than zero. Attenuation (declineTable 4
Contaminants selected for QDM simulation, Landﬁll LF-26.
Contaminant Percent
detection
Highest average
daily concentration
(lg/L)
Health
standard
(lg/L)
Environmental
regulatory
value
Arsenic 15.4 95.33 1 150
Benzene 14.1 242 5 114
Ammonia-N 100 125,000 3000 200
Nitrate-N 100 5360 10,000 320with distance from 0 to 1500 ft as percent of source concentration)
is shown in Fig. 10.
Level of concern categories assigned to landﬁll LF-26 are shown
in Fig. 3. Arsenic and benzene exhibit high levels of concern for all
receptors. Ammonia and nitrate have lower levels of concern for
residential receptors than for streams and wetlands because they
are governed by regulations with higher permissible concentra-
tions, and the nearest residential receptor is farther from the land-
ﬁll than the nearest stream or wetland. This example shows that
there is a high level of concern, based on QDM simulations, and
that all three receptor categories may be exposed to groundwater
affected by Landﬁll LF-26 at concentration that exceed applicable
environmental and health standards.
3.3.2. Screening results for 30 landﬁlls
Locations of the 30 closed, unlined landﬁlls in the New Jersey
Pinelands National Reserve (designated LF1-LF30) are shown in
Fig. 1. The QDM spreadsheet was used to estimate contaminant
concentrations at the stream, wetlands and residential receptors
nearest to each landﬁll. With respect to permeability and solute
transport, all 30 landﬁlls were deemed appropriate for
Domenico-based modeling as Peclet numbers for all were greater
than 6 (the least being 32).
A summary of screening-tool results for the 30 landﬁlls evalu-
ated in the New Jersey Pinelands is shown in Table 5.
Monitoring-well data from 9 landﬁlls indicate that groundwater
immediately under the landﬁll footprints are free of contaminants
at problematic concentration. Therefore, for these landﬁlls no fur-
ther transport simulation is warranted, and the modeled level of
concern is low. For 3 others, contaminants at concentrations
greater than or equal to practical quantitation levels (PQL)s were
detected monitoring well samples, however, QDM simulation indi-
cated that concentrations at all receptors would be less than the
PQLs. These landﬁlls also are characterized as having low levels
of concern. 18 other landﬁlls are expected to have contaminantsTable 5
Number of landﬁlls in the New Jersey Pinelands having low, medium and high levels
of concern due to high concentrations of contaminants reaching receptors.
Level of concern Number of
landﬁlls
Low 12
No contaminants in monitoring-well data at levels >PQL 9
No contaminants reaching a receptor at levels >PQL 3
Moderate 0
High 18
Table 6
Contaminants responsible for high level of concern in 18 landﬁlls in the New Jersey
Pinelands due to high concentrations reaching receptors.
Contaminant Number of landﬁlls
Arsenic 2
Barium 3
Benzene 1
Cyanide 1
Lead 8
Mercury 2
Selenium 1
374 R.J. Baker et al. /Waste Management 43 (2015) 363–375reaching receptors at concentrations greater than 50% of regulatory
values as determined by QDM. The most common contaminant
that resulted in a landﬁll being categorized as a high level of con-
cern (Table 6) was lead. Others problematic contaminants included
barium, mercury and arsenic.
Many landﬁlls received high level of concern ratings because a
nonreactive contaminant (e.g. a metal) was present at high concen-
trations in landﬁll monitoring wells. In many cases the large source
width (largest landﬁll dimension) relative to the distance between
the source and the receptor resulted in little or no contaminant
attenuation along the ﬂow path, as expected based on the sensitiv-
ity analysis. A user of this screening method may choose to use a
less conservative method of deﬁning the source width, e.g. a frac-
tion of the landﬁll surface closest to the well from which the high-
est concentration of a contaminant was measured. For use in a
screening tool it may be preferable to use the more conservative
approach used here, as the composition of groundwater under
the entire landﬁll is rarely known.4. Conclusions
The Quick Domenico Multi-scenario (QDM) spreadsheet imple-
mentation is based on the original Quick Domenico model (QD). In
developing QDM, four features were added to QD: automatic calcu-
lation of time to steady state and dispersivity, expression of con-
taminant concentrations relative to regulatory standards, and
inclusion of up to 50 simulations in a single spreadsheet. The
multi-scenario feature enabled the assessment of sensitivity for
key model parameters, as many hundreds of simulations were pre-
pared in the process. Similarly, a user can develop any number of
simulations, changing each parameter incrementally, to examine
a range of scenarios that might describe the ﬁeld conditions.
Flow-ﬁeld geometry is a controlling variable for concentrations
of non-degrading contaminants such as metals. A path length of 3–
6 times the source width is required for the contaminant to begin
attenuating. The conservatively deﬁned source width (the greatest
diameter of the landﬁll surface) dictates that concentrations of
non-reactive contaminants will be predicted to arrive at near-by
receptors at the same concentration as at the monitoring well.
Down-gradient concentration is highly sensitive to contamination
degradation rate. Degrading contaminants such as benzene also are
sensitive to Koc values, whereas down-gradient concentrations of
conservative contaminants such as mercury are not affected by
the Koc value.
Groundwater sampled in observation wells at nine landﬁlls in
the New Jersey Pinelands did not contain regulated contaminants
in substantial concentrations. For these, QDM simulations are not
needed, and the screening tool deﬁnes them as unlikely to impact
down-gradient receptors. Three others were found to have sub-
stantial concentrations of one or more contaminants in underlying
groundwater, but not at receptors, and these also were deﬁned as
having low levels of concern. For the remaining eighteen landﬁlls,
QDM simulations indicate that a high level of concern that one or
more contaminants may reach receptors at concentrations greaterthan 50% of applicable regulatory standards. Further monitoring,
modeling, and/or remediation procedures may be indicated.
This screening tool provides a conservative assessment of the
level of concern posed by a contaminant source to potential recep-
tors. As with all model-based approaches, it is important to con-
sider limitations, that it is an approximate solution of governing
transport equations; that accurate values for many required
parameters are difﬁcult to obtain; that heterogeneity and
non-steady ﬂow are not considered; and that the source is consid-
ered to be uniform and inﬁnite. Compared to exact solutions to
transport governing equations, such as that given by Sagar
(1982), differences in modeled solute concentrations along the
plume centerline are negligible and decrease with increasing
Peclet numbers. However, Domenico modeled concentrations
away from the plume centerline should be considered with cau-
tion, especially near the source. Given the rapid, convenient and
soundly-based qualities of the QDM screening method, it is a pow-
erful tool for initial conceptual assessment of levels of concern for
landﬁlls and can be used to evaluate other surface and subsurface
point sources of contaminants.
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